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ABSTRACT
Vertical seismic profiling (VSP) provides a direct obser-
vation of seismic waveforms propagating to various depths
within the earth’s subsurface. The Q analysis or attenuation
(1∕Q) analysis based on direct comparison between individ-
ual waveforms at different depths, however, suffers from the
problem of instability commonly due to fluctuations inher-
ent in the frequency spectrum of each waveform. To improve
the stability, we considered frequency and time variations and
conducted Q analysis on an integrated observation. First, we
transformed the time- (or depth-) frequency-domain spectrum
to a 1D attenuation measurement with respect to a single
variable, the product of time and frequency. Although this
1D measurement has a higher signal-to-noise ratio than
the 2D spectrum in the time-frequency domain, it can also
be used to further generate a stabilized compensation func-
tion. Then, we implemented two Q-analysis methods by
data fitting (in a least-squares sense) to either the attenuation
measurement or the data-driven gain function. These two
methods are theoretically consistent and practically robust
for conducting Q analysis on field VSP data.
INTRODUCTION
This paper presents robust methods for estimating the quality fac-
tor Q from vertical seismic profiling (VSP) data. Stability is a key
feature of these Q-analysis methods.
Because VSP records the first arrivals at various depths in a ver-
tical borehole, any twowaveforms at different depths can be directly
compared to measure the attenuation 1∕Q. It should have a high
accuracy in an ideal case because of the high signal-to-noise ratio
(S/N) of the VSP first arrivals. However, conventional methods
for Q analysis on VSP data based on spectral ratio and central-
frequency shift suffer from the problem of instability. The spectral
ratio method directly comparing frequency spectra of two wave-
forms (Hauge, 1981; Stainsby and Worthington, 1985; Tonn, 1991)
often appears unstable in practice because of fluctuations inherent in
the frequency spectrum of any individual waveform (White, 1992).
The central-frequency shift method estimates Q by observing the
shifting quantity of the central or peak frequency from a reference
(Quan and Harris, 1997; Liu et al., 1998; Zhang and Ulrych, 2002).
This method, again depending upon individual waveforms, is not
stable, being strongly subject to the variation of the S/N in the spec-
tra. When these methods are applied to surface seismic data, with a
much lower S/N than that in VSP data, only limited success would
be expected (Dasgupta and Clark, 1998). Nevertheless, fit-for-
purpose Q values are used routinely for lithological interpretation
(Adam et al., 2009; Reine et al., 2009, 2012). The review papers by
Campbell et al. (2005) and Kaderali et al. (2007) amply demonstrate
the capacity of VSPs to deliver satisfactory results in an appropriate
circumstance.
The instability problem of these conventional methods is due to
the frequency-domain working procedure because the analyses on
individual waveforms are sensitive to the noise level of the data and
to the errors and fluctuations presented in the amplitude spectra. To
overcome the problem, Wang (2004) proposes to consider not only
the frequency, but also the time in the Q analysis. First, a Gabor
transform was performed to a single seismic trace to generate a 2D
spectrum in the time-frequency space. Then, this 2D spectrum was
transformed to a 1D function of a single variable, the product of
time and frequency. Rickett (2006) and Reine et al. (2009, 2012)
also consider frequency and time simultaneously in the regression
for Q determination, by fitting a synthetic surface to a (logarithmic)
spectral ratio surface in the time-frequency plane. The latter is com-
posed of spectral ratios of multiple wavelet pairs with different time
differences.
The essential concept in Wang (2004) is, however, to define the
seismic attenuation function with a single variable χ ≡ ωτ, the prod-
uct of the angular frequency ω and the time τ. The 1D attenuation
measurement AðχÞ was generated by a line integral along a con-
stant-χ contour over the time-frequency space. Each sample of
AðχÞ is in fact an average value along a χ-contour because the
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χ-contour lines have different lengths and each integral is normal-
ized by its finite length of the contour line. Because it uses integra-
tion rather than differentiation, Q analysis based on this 1D
attenuation measurement was proved to be more stable, in compari-
son with that conducted on the time-frequency spectrum directly.
This concept was developed originally for the Q analysis on
surface seismic data, akin to the velocity analysis routinely used in
reflection seismic signal processing (Wang, 2004). The current pa-
per attempts to extend this method to the Q analysis on VSP first
arrivals. Considering VSP first arrival waveforms at different depths
associated with different first-arrival times, their superposition
would make a single seismic trace varying with time. In other
words, these waveforms are a perfect decomposition of a time-
domain seismic trace. Fourier transforming the first-arrival wave-
forms one by one produces a series of frequency spectra, the
time-frequency spectrum. Wang (2004) suggests transforming this
time-frequency spectrum to the 1D attenuation measurement by line
integral. This integrated observation, rather than the spectra of indi-
vidual waveforms, is used for Q analysis.
Two methods proposed by Wang (2004) are extended to the Q
analysis for VSP data. One is based on the attenuation measurement
directly. The other is based on a compensation gain function, de-
rived with stabilization (Wang, 2002, 2003) from the 1D attenuation
measurement. The reliability of these two methods is demonstrated
using synthetic and field VSP data sets. The estimated Q model is
an average Q function that is variable with depth, ranging from the
uppermost of the VSP survey down to any depth level. This overall
Q model between the source and a receiver can be used for inverse
Q filtering to compensate the amplitude and to correct the phase of a
VSP first arrival.
STABLE Q-ANALYSIS METHODS
A series of VSP first arrivals recorded at different depths in a
vertical borehole can be presented as Aðτ;ωÞ in the time-frequency
domain. Because the first-arrival times are the physical measure-
ment of waveforms traveling directly from the source to various
receivers, the time axis τ of the time-frequency spectrum is irregu-
larly sampled, due to the variation in the velocity and in the travel
path.
The seismic wave with attenuation in the time-frequency domain
can be expressed explicitly as
Aðτ;ωÞ ¼ Aðτa;ωÞ exp

−
ωðτ − τaÞ
2Q

; (1)
where Aðτa;ωÞ is the amplitude at τað≥ 0Þ and Q−1 is an average
attenuation between τa and the current time τð> τaÞ. This expres-
sion does not consider the geometrical spreading and transmission/
reflection effects. For the geometrical spreading, the effect will be
explicitly compensated. But the reflection loss is assumed to be
negligible, if it is compared to the direct wave propagating through
various interfaces.
The Q model is assumed to be frequency independent (Kjartans-
son, 1979; Wang and Guo, 2004), but could be frequency dependent
in practice (Jeng et al., 1999). Defining a single variable χ ≡ ωτ,
equation 1 can be rewritten as
A¯ðχÞ ≡ AðχÞ
AðχaÞ
¼ exp

−
χ − χa
2Q

: (2)
For the Q analysis, the 2D spectrum Aðτ;ωÞ is transformed to a 1D
attenuation measurement AðχÞ and normalized by a maximum
AðχaÞ. Performing a logarithmic operation on A¯ðχÞ leads to a linear
form,
yðχÞ ¼ −Q−1ðχ − χaÞ; (3)
where yðχÞ ≡ ln½A¯2ðχÞ. Fitting the slope over data samples χ ≥ χa
can provide an estimate of the attenuation parameter Q−1 as
Q−1 ¼ − x
Ty
xTx
; (4)
where y is the discrete data set yðχÞ, for χ ≥ χa, and x is the digitized
variable x ¼ χ − χa. This analysis procedure is referred to as an at-
tenuation-based method (Wang, 2004).
Considering the 1D attenuation measurement A¯ðχÞ as the obser-
vation, Wang (2004) also proposes a compensation-based Q-analy-
sis method. A data-driven gain curve is given as
ΛdðχÞ ¼
A¯ðχÞ þ σ2
A¯2ðχÞ þ σ2 ; (5)
where Λd with subscript d indicates that the gain function is derived
directly from “data” A¯ðχÞ, and σ2 is a stabilization factor. Then, a
theoretical compensation function, used in inverse Q filtering
(Wang, 2006, 2008), is designed as
Λðχ; QÞ ¼ βðχ; QÞ þ σ
2
β2ðχ; QÞ þ σ2 ; (6)
where βðχ; QÞ ¼ exp½−ðχ − χaÞ∕ð2QÞ. Fitting the data-driven gain
curve with this theoretical function:
JðQÞ ¼
X
χ
kΛdðχÞ − Λðχ; QÞk2 → min; (7)
will find an appropriate Q constant.
The stabilization factor σ2 is linked to the noise level in the data.
If including excessively small values of A¯ðχÞ that arise from the
ambient noise, it would cause large errors in the Q estimation. In
practice, one can visually select a support range ½χa; χb from the
yðχÞ curve, which ought to be a straight line within the range.
The upper limit χb is set practically corresponding to a threshold
cutting off the noise in A¯ðχÞ.
The compensation-based method exploits the gain function in
stabilized inverse Q filtering. It is also conceptually similar to that
of Kaderali et al. (2007), who apply inverse Q deconvolution to
VSP downgoing direct arrivals, for a range of Q values, and select
as a “correct” Q value, which give the most consistent wavelet
shape with respect to depth/time, judged from a semblance statistic.
Use of the first-arrival times, rather than the receiver depths, of
individual waveforms is certainly attractive because it avoids mess-
ing around with raypaths. Then, line integrals can be performed
D218 Wang
D
ow
nl
oa
de
d 
06
/3
0/
14
 to
 3
1.
49
.2
13
.1
71
. R
ed
ist
rib
ut
io
n 
su
bje
ct 
to 
SE
G 
lic
en
se 
or 
co
py
rig
ht;
 se
e T
erm
s o
f U
se 
at 
htt
p:/
/lib
rar
y.s
eg
.or
g/
over the time-frequency space. For a basic zero-offset VSP, any
lateral variation is not considered.
Q-ANALYSIS PROCEDURE
The procedure of VSP Q analysis is demonstrated using a syn-
thetic VSP data set. The accuracy of the analysis can be examined
against the exactQmodel, and the sensitive parameters can be iden-
tified for a reliable Q analysis in practice.
Figure 1a displays the layered velocity model and the layered Q
model. The smooth curve in the Q model is the averageQ function.
The average Q between depth z0 and zn is calculated by
Qðz0; znÞ ¼
Xn
k¼1
Δtk
Qk
−1Xn
k¼1
Δtk (8)
(Raikes and White, 1984; Wang, 2004), where Δtk are the time in-
tervals, Δtk ¼ tðzkÞ − tðzk−1Þ, and tðzkÞ are the time at various
depths, numerically calculated and plotted as a blue dotted line
in Figure 1b. The interval time Δtk and the horizontal distance
Δxk ¼ xðzkÞ − xðzk−1Þ within each layer are calculated numerically
as in the following:
Δtk ¼
hk
Vk
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 − V2kp2
p ; Δxk ¼ hkVkpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 − V2kp2
p ; (9)
where hk ¼ zk − zk−1 is the thickness of the kth layer, Vk is its veloc-
ity, and p is the ray parameter. Because the interval time Δtk is ac-
curately calculated by ray tracing that finds a proper p value, the
average Q value takes into account the nonzero offset effect of VSP.
The horizontal offset between the source point and the vertical
borehole is 55 m. The source is at depth 15 m, and receivers are
placed in the depth range between 15 and 1750 m with a 5-m in-
terval. Figure 1b is the synthetic VSP, generated by a frequency-
domain viscoacoustic wave equation:

∇2 þ ω
2
c2ðx;ωÞ

uðx;ωÞ ¼ 0; (10)
where u is the plane wave at frequency ω and c is the complex-val-
ued velocity c ¼ VRe þ iVIm. The real velocity VRe is the layered
velocity given by Figure 1a, and the imaginary velocity VIm is cal-
culated based on the Q definition Q−1 ¼ −2VIm∕VRe. The source
signature is a time-delayed Ricker wavelet with dominant frequency
of 30 Hz. The time delay of downgoing waveforms can be found
visually by numerically calculating the first-arrival times tðz0; znÞ ¼P
n
k¼1 Δtk (i.e., the dotted curve in Figure 1b).
The interference of upgoing waves and late downgoing arrivals
often affects the seismic spectrum, and it makes accurate Q estima-
tion elusive (White, 1992). Hence, 1D median filtering along the
direction parallel to the first-arrival-time curve produces the down-
going wavefield (Figure 2a). For this downgoing wavefield, the
geometrical spreading effect must be compensated (Figure 2b) be-
cause the fundamental wave expression 1 does not take this effect
into consideration and the Q analysis will be conducted on a wide
depth range within which this effect cannot be ignored. Rickett
(2006) takes this effect within a short time window as an amplitude
scalar to be inverted simultaneously with the interval attenuation
effect.
Figure 3 displays the aligned downgoing wavefield, geometrical
spreading compensation, and the depth-frequency spectrum. In the
latter, the solid white curve indicates the central frequency and two
dotted curves define the bandwidth. The central frequency (fc) and
the (half-) bandwidth (fb) are calculated as (Berkhout, 1984;
Barnes, 1993)
fc ¼
P
ffA
2ðfÞP
f A
2ðfÞ ; fb ¼
P
fðf − fcÞ2A2ðfÞP
f A
2ðfÞ
1∕2
; (11)
where f is the frequency in hertz and A2ðfÞ is a power spectrum.
Figure 1. (a) Layered velocity model and layered Q model, in
which the smooth curve is the average Q function. (b) VSP syn-
thetic, generated by frequency-domain wave equation with com-
plex-valued velocities.
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In the time-frequency spectrum, the interference of reflections is
clearly evidenced at the depths of interfaces (where the arrows point
to). At those depths, the derivative of central frequency estimates
with respect to the depth will have sharp variations, which could
cause the instability problem in conventional Q estimation. For the
Q-analysis methods presented in this paper, however, this 2D spec-
trum is transformed to 1D space with the variable defined as the
product of frequency and time (χ ≡ ωτ). In this way, the Q analysis
is conducted based on information from all of the first-arrival wave-
forms within a depth window rather than directly comparing two
individual waveforms.
Figure 4 shows two example depth windows [15, 515] and [15,
1515] m. Each value of the 1D attenuation function AðχÞ is an aver-
age value along the χ-contour because the integral sum along a con-
tour is normalized by the total number of samples along the line. For
Q estimates at different depths, the frequency range and the χ range
need to be carefully adjusted.
The procedure for handling different depths recursively is similar
to an average-velocity analysis based on a seismic semblance. The
1D attenuation measurement (the top diagrams of Figure 5) is an
average observation over an analysis depth window from the upper-
most to any current depth. Thus, the estimated Q is an overall value
within a depth window. The logarithm of the normalized power
spectrum yðχÞ ≡ ln½A¯2ðχÞ (solid curves in the middle diagrams
of Figure 5) is in a linear trend. For the two examples corresponding
to the maximum depths 515 and 1515 m, straight lines (in gray) fit
excellently within the ranges ½χa; χb ¼ ½10; 80 and [10, 140], re-
spectively. The compensation-based method (the bottom diagrams
of Figure 5) is also stable and robust in all cases.
Because the Q-analysis methods presented in this paper are in-
tegral rather than differential-based, the attenuation- and compen-
sation-based methods can produce stable estimates of the averageQ
values with excellent accuracy (solid curves in Figure 6), in com-
parison with the theoretical averageQ function (the dashed curve in
Figure 6).
Q ANALYSIS ON FIELD VSP DATA
Figure 7 is a field VSP data set in which receivers are placed in a
vertical borehole at depths from 50 to 1755 m, with a 5-m depth
interval. The horizontal offset between the source and the borehole
is 52.3 m. The seismic source is a dynamite type, shot in a 15-m-
depth hole. This is a typical land VSP data set, which is used to
Figure 2. (a) VSP downgoing wavefield, obtained by median filter-
ing. (b) VSP downgoing wavefield, after compensation of geomet-
rical spreading.
Figure 3. Aligned downgoing wavefield, geometrical spreading
compensation, and the depth-frequency spectrum. On the latter, the
solid white curve indicates the central frequency, and the two dotted
curves define the bandwidth.
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demonstrate the application strategies for the field VSP Q analysis.
Subtle and abrupt changes in character at about 300 and 750 m,
respectively, in depth might be caused by shot parameters. The
integral method can still have a robust Q analysis, and a direct
waveform comparison otherwise might not be able to emulate this.
The downgoing wavetrains (Figure 8a), obtained by median
filtering, contain waveforms of first arrivals and multiples mostly
generated from the free surface. A simple procedure to suppress late
arrivals is performed by applying a cosine-square taper (Figure 8b).
On the resultant first arrivals, the geometrical
divergence effect is also compensated, varying
along the receiver depth (Figure 8c).
For the selection of tapering parameters, a prag-
matic criterion is to eliminate notches from the
frequency spectrum. In the top diagram of
Figure 9, notches in the spectrum of downgoing
wavetrains (without tapering) are the evidence of
multiples that follow the first arrival. The
lower three curves in Figure 9 are the spectra of
downgoing waves with the tapering window
½Δta;Δtb ¼ ½80; 125, [60, 105], [30, 75] ms, re-
spectively. The last pair is selected as the optimal
taper window finally applied to the data, as shown
in Figure 8b.
Figure 10a selectively shows only the wave-
forms of VSP first arrivals, aligned at 10 ms, and
Figure 10b displays the frequency spectrum of
each individual waveform from the entire data
set. For this field VSP data set, the central fre-
quency (solid white curve) and the bandwidth
(dotted curves) are decreasing, generally along
the depth. When generating the attenuation curve
with a large depth window, more samples with
strong amplitudes (between 10 and 50 Hz) will
be summed (along a contour as depicted in
Figure 4), the normalized sum will have a high
S/N, and Q estimation will be more stable.
Figure 11 shows two examples of Q analysis,
corresponding to the maximum depths of 1000
and 1755 m, respectively. The attenuation meas-
urement AðχÞ indicates the coordinate of the
maximum at χa ¼ 22. In both cases, there are
excellent attenuation and compensation fittings,
although the support ranges are different. They
are ½χa; χb ¼ ½22; 175 and [22, 545], respec-
tively.
Two methods produce similar average-Q
functions QðzÞ, as shown in Figure 12. This is
because (1) the attenuation- and compensation-
based analyses are consistent in theory, (2) the
S/N of VSP first arrivals is high in general (com-
pared to surface seismic data and VSP reflection
data), and (3) the stability of both methods is
similar. For the application to surface seismic
traces, to improve the reliability of data fittings,
a median filter is often used to mitigate out-
liers in the attenuation curve AðχÞ and to im-
prove the S/N of the “observation,” prior to data
fitting to either the yðχÞ or ΛdðχÞ function. For
the application to VSP first arrivals, this filtering step can be
omitted.
In the 2D time-frequency spectrum, seismic reflections appear as
localized energy envelopes at different times. The conventional
spectral ratio method is conducted based on such a localization fea-
ture. The central-frequency shift method might use locally averaged
central frequencies, and the shift in between is measured still based
on any two localized energy envelopes. However, the Q-analysis
methods presented here attempt to find a Q value over an integrated
Figure 5. TheQ analyses within different depth ranges: 15–515 m (the left column) and
15–1515 m (the right column). In each panel, the top diagram is the 1D attenuation
measurement AðχÞ, the middle shows the attenuation-based Q analysis, and the bottom
shows the compensation-based Q analysis. The solid curves are the observations, and
the thick gray curves are theoretical functions.
Figure 4. For the Q analysis, the 2D spectrum in the time-frequency domain is trans-
formed to a 1D attenuation function AðχÞ varying with the single variable (χ ≡ ωτ). Each
sample of AðχÞ function is a normalized sum along the χ-contour (a dotted curve) within
the predefined analysis depth window and frequency range (a white frame). The left and
right panels are two example depth windows [15, 515] and [15, 1515] m, respectively.
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measurement AðχÞ, rather than the individual waveforms. In this
way, stability is achieved for Q analysis on surface seismic and
borehole seismic data.
Figure 6. The average Q values (solid curves), estimated using the
attenuation- and compensation-based methods. Both methods pro-
duce stable estimations, if compared to the theoretical average Q
function (dash curves).
Figure 7. Field VSP data set. Receivers are separated in 5-m-
depth interval over the depth range from 50 to 1755 m in a vertical
borehole.
Figure 8. (a) VSP downgoing wavetrains. (b) VSP first arrivals.
(c) First arrivals after the compensation of the geometrical diver-
gence effect.
Figure 9. Selection of taper parameters. Notches in the top spec-
trum of downgoing wavetrains (without tapering) are the evidence
of multiples that follow the first arrival. The other three spectra are
estimated after applying tapering windows [80, 125], [60, 105], [30,
75] ms, respectively, where the time is the delay time from the first
arrival. The basic criterion is to eliminate notches in the frequency
spectrum, and the last pair is selected as the optimal window that is
finally applied to data (Figure 2b).
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The only parameters needed are the support region ½χa; χb, which
is selected visually based on linearity in the logarithmic power
spectrum. This support region physically reflects the limited band-
width and the finite duration of seismic signals, and thus it is also
related to the data noise level σ2. The latter serves as a stabilization
factor in the compensation gain function. Therefore, the two meth-
ods are theoretically consistent.
Figure 13 shows the inverse Q-filtered result, which can be com-
pared directly to the waveforms and the time-spectrum shown in
Figure 10. A stabilized inverse Q filter in the frequency domain
is designed as
Uðz;ωÞ ¼ ~Uðz;ωÞΛðz;ωÞ exp

iωτðzÞ

ω
ωh

−γðzÞ
− 1

;
(12)
where ~Uðz;ωÞ and Uðz;ωÞ are the waveforms before and after
inverse Q filtering at depth z, γðzÞ ¼ ðπQðzÞÞ−1, Λðz;ωÞ ¼
ðe−ωτðzÞ∕ð2QðzÞÞ þ σ2Þ∕ðe−ωτðzÞ∕QðzÞ þ σ2Þ, τðzÞ is the first-arrival
time, and ωh is a reference frequency. The spectra in Figure 13 show
much wider frequency bands and much higher central frequencies
than those in Figure 10. Consequently, the first arrivals clearly show
narrower waveforms after inverse Q filtering. The stable inverse Q
filter does not boost the higher frequencies that were completely
attenuated from the original data (Wang, 2002, 2003, 2006). This
is why high-frequency components of waveforms in the deep part
(depth > 1500 m) are not boosted.
Regarding the phase, waveforms at various depths are much
more consistent and are aligned along a straight line. However,
the first-arrival waveforms at the uppermost part (depth < 150 m)
differ from most of the VSP record. This is because the data pre-
sented here are the vertical components of the VSP record. Those
receivers at the shallow part need a proper polarization analysis on
three components to reconstruct the direct P-waves.
After inverseQ filtering, the shallow part (depth < 450 m) shows
an obvious train of multiples. This indicates that the simple tapering
process might not be good enough to generate the pure first arrivals.
An appropriate treatment could be a global debubbling operation
(Ziolkowski et al., 1980, 1982) with respect to all the VSP down-
going waveforms because this would help to clean up the waveform
before muting.
Figure 10. Depth-frequency spectrum. (a) Sparsely selected VSP
first arrivals (after the compensation of geometrical divergence),
aligned at time 10 ms. (b) The amplitude spectrum of each individ-
ual waveform of the entire data set. The solid and the two dotted
curves indicate the central frequency and the bandwidth, respec-
tively.
Figure 11. The average-Q analyses within differ-
ent depth ranges: 50–1000 m (the left column) and
50–1755 m (the right column). In each panel, the
top diagram is the 1D attenuation measurement
AðχÞ, the middle shows the attenuation-based Q
analysis, and the bottom shows the compensa-
tion-basedQ analysis. The solid curves are the ob-
servations, and the gray curves are theoretical
functions.
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CONCLUSIONS
For the Q analysis on VSP data, stability can be achieved if the
analysis is conducted on an integral type of attenuation measure-
ment in the time-frequency space, rather than on the frequency spec-
tra of individual waveforms. The attenuation measurement is a 1D
function of a single variable, the product of frequency and time, and
it is obtained by a line integral in the time-frequency space. Because
the integral sum is normalized by the line length, the measurement
is in fact an average amplitude along the time-frequency contour
and, hence it has a higher S/N than the time-frequency spectrum.
Its (logarithmic) spectrum is then used to estimate a reliable Q
value by straight-line fitting. Alternatively, fitting a compensation
function in a least-squares sense will also find the Q value. Attenu-
ation- and compensation-based methods are consistent theoretically
and practically, as demonstrated by synthetic and field VSP data
examples.
For a practical application of VSP Q analysis, two sets of param-
eters are sensitive. They are the range of frequencies and the support
range of the attenuation function. Because VSP first arrivals have a
very high S/N, the compensation-based method produces a result
similar to the attenuation-based method, and it does not show much
of a significant advantage. Because the gain function is derived with
stabilization from the attenuation, the compensation-based method
has high expectations in surface seismic Q analysis. Because the
measurement is a sum over various depths, the effect of geometrical
spreading needs be compensated, although the transmission loss
(i.e. reflection) is not considered in this study.
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